The report that appeared in late 1983 of a cluster of leukemias in young residents living near a nuclear fuel reprocessing plant in Sellafield, England, triggered a considerable amount of investigation into cancer incidence and mortality in areas near nuclear installations. The nuclear industry generates a great deal of social concern, exacerbated recently by the serious accidents that have affected nuclear power plants, such as that of Chernobyl in 1986, and uranium processing facilities, such as the one at Tokaimura in 1999.
The report that appeared in late 1983 of a cluster of leukemias in young residents living near a nuclear fuel reprocessing plant in Sellafield, England, triggered a considerable amount of investigation into cancer incidence and mortality in areas near nuclear installations. The nuclear industry generates a great deal of social concern, exacerbated recently by the serious accidents that have affected nuclear power plants, such as that of Chernobyl in 1986, and uranium processing facilities, such as the one at Tokaimura in 1999.
Cancer incidence and mortality studies in areas near nuclear facilities have failed to eliminate doubts about possible adverse population effects attributable to routine operations, despite the fact that numerous studies performed in different countries have reported an absence of cancer risk in areas around nuclear fuel facilities and power plants (1) (2) (3) (4) . In the main, epidemiologic studies have targeted hematologic tumors and young age groups, and very few have sought to assess in depth the remaining malignant tumors. The concern voiced by society regarding the consequences of industry in its immediate vicinity has essentially focused on nuclear power plants. With respect to industries linked to uranium production, considerable effort has been made to ascertain the risk in cohorts of miners (5) (6) (7) , and although the environmental impact of nearby uranium mines, particularly of uranium mill tailings (8) (9) (10) , has been studied, the related public health consequences have received scant attention.
Spain currently has seven nuclear power plants, with a total of 10 reactors (nine fully operational and one being dismantled) and nine nuclear fuel facilities (three fully operational, one shut down, and five being dismantled). We therefore performed a cancer mortality study covering towns near nuclear power plants and fuel facilities. Death certificates were the only nationwide source of information on mortality in Spain on which a first analysis of this nature could be based.
In a previous study we reported the results for hematologic tumors (11) . In this article we report the results of that study for solid tumors. The analysis presented here sought to quantify the relative risk of death in the vicinity of such installations; to ascertain said risk before and after the date on which these installations first came into operation; to study changes in risk according to subjects' relative proximity to the respective installations; and, given the descriptive and exploratory nature of this study, to provide further pointers for new research.
Materials and Methods
A more detailed description of the methodology may be found in a previous study (11) . Here we present results on mortality caused by stomach cancer [ , in towns situated near nuclear facilities. We included towns near four nuclear power plants (NPP) with six reactors that had been operational from 1975 to 1993, and four nuclear fuel facilities (NFF) that had likewise been operational in the same period. With the exception of El Cabril, a nuclear waste storage facility (NWSF) built on the site of an abandoned uranium mine, the NFF are uranium-concentrate-processing facilities located in mining areas where the ore is extracted. The latency periods used were 10 years. This lag rules out the possibility of study for the areas surrounding the Ascó, Cofrentes, Trillo, and Juzbado facilities, since all these plants were inaugurated relatively recently. Figure 1 shows the site and year of startup of these installations. This was a spatial mortality study whose population base comprised inhabitants of towns neighboring the nuclear installations under review. For description and analysis, the area within a 30-km radius of any such installation was called the "exposed zone"; and towns (selected as outlined below) lying within a 50-to 100-km radius of the installation were called the "reference zone." With a Geographic Information System, we used the UTM (Universal Transversa Mercator projection) centroid coordinates for towns to measure the distance from the population centroids to the nuclear installations.
Follow-up took place from 1 January 1975 through 31 December 1993. For all four nuclear power plants, 184 towns within a 30-km radius and 178 within a 50-to 100-km radius were included in the study, matched by income level, number of inhabitants, proportion of the active population engaged in farming, proportion of unemployed, percentage of illiteracy, and province.
We selected reference towns at random from among all those that met the matching conditions. For all four nuclear fuel facilities, 99 and 97 towns in the exposed and reference zones respectively were included in the study, matched as above. The study covered 513,248 persons in the exposed zone for all types of installations. We took sociodemographic data from the 1991 census (12) and information on income levels from the Spanish Market Yearbook (Anuario del Mercado Español) (13) .
Data specific to this study were supplied on computer files by the National Statistics Institute (Instituto Nacional de Estadística, Madrid, Spain). Individual records were broken down by cause of death, sex, age group, year of death, and town of residence. Townof-residence data for deceased persons are treated as confidential in Spain for towns having fewer than 10,000 inhabitants, so we obtained special permission from the National Statistics Institute for this study.
To obtain a population breakdown by sex, age, and year for towns included in the study, we referred to the 1981 population census, 1986 municipal roll, and 1991 census, as furnished by the National Statistics Institute. Relying on a log-linear polynomial regression model, we used interpolation to estimate annual municipal population figures for 1981-1991 (14) . We extrapolated pre-1981 and post-1991 populations by adopting a linear procedure, allocating more weight to the nearest census year. With the annual population estimates for each town, we calculated person-years for each age band (0-4, 5-14, 15-24, 25-34, 35-44, 45-54, 55-64, 65-74, 75+), sex, and period (1975-1978, 1979-1983, 1984-1988, 1989-1993) , taking into account variables that had changed over time, such as operational start-up of reactors and installations.
We fitted log-linear models on the assumption that the number of deaths per stratum followed a Poisson distribution. In these models, observed cases were the dependent variable. As an external standard (15), we used concurrent Spanish cause-specific mortality rates, with expected cases computed by age, sex, and period for each town in the exposed and reference (control) zones. Expected cases were included as offset in the models. A term we called "exposure" (a radius of 30 km or less from the facility), was included as the independent variable. The regression coefficient of this exposure term gave us the logarithm of the ratio between the respective standard mortality ratios (SMRs) for the exposed and reference zones, which we called "relative risk" (RR). This estimator was adjusted for age, sex, period, and matching variables.
We fitted similar models to study the effect of distance on mortality. We constructed this variable by categorizing distances in the 0-to 30-km belt into five levels (consisting of circular sectors having equal surface areas), and using towns situated at a distance of 50-100 km as the reference level. Expressed in kilometers, the cut-off points for the intervals were 0-, 13.4-, 19.6-, 23.2-, 26.8-30, and 50-100. This was included in all models both as a categoric and as a continuous variable (in kilometers). Thus, it was possible, for the former, to estimate the effect for the respective distances and, for the latter, to ascertain the existence of radial effects (rise in RR with increasing proximity to an installation) and, by applying the likelihood ratio test, the statistical significance of such distance-induced effects. The test was also applied to the 0-30-km area with the reference area excluded. We included matching variables in this analysis to ensure control of possible gradients in these variables with proximity to the installation. Given the heterogeneity of the installations, we ran specific analyses on individual and a joint analysis on all installations.
We studied changes in risk by comparing the positions before and after the date on which nuclear power plants and fuel facilities first came into operation (start-up), taking latency periods into account. These periods were included in the assessment of risk before start-up. The statistical significance of this change was obtained following two criteria: fitting a model that compares the SMRs before versus after start-up only for the 0-30 km areas; and a likelihood ratio test, which evaluates the interaction termexposure × plant operation-in regression models, also including reference areas. The former evaluates time trends in exposed areas in contrast with trends at the national level, and the latter evaluates time trend differences between exposed and unexposed areas (reference areas).
We calculated relative risk confidence intervals (CIs) using the standard errors of the parameters yielded by the model. We checked and corrected model results for overdispersion problems (16) using the robust methods recommended by Breslow, because these methods are insensitive to the form adopted by variance (17) .
Results
The socioeconomic characteristics and contribution in terms of person-years of populations residing near nuclear installations are described elsewhere (11) . According to the 1991 census, the study population in the 30-km belt totaled 204,672 and 308,576 for nuclear power plants and fuel facilities, respectively. Tables 1 and 2 show the number of observed deaths, SMRs, for the reference zones and areas in a radius of 0-15 and 0-30 km of each installation, and the RRs and CIs yielded by comparison with the reference zones, for both sexes and across all age groups, for the different causes studied. Table 3 shows relative risk by distance from the respective installations, for tumors causing at least 10 deaths in the study period. The results of the pre-and poststart-up analysis appear in Table 4 .
In the vicinity of the Sta M. de Garoña nuclear power plant (Burgos) ( Obs, Observed cases. Latency period of 10 years. a SMR is the ratio of the number of deaths observed and expected at concurrent death rates in Spain. b RR compares the risk in study versus control areas. The RR for combined facilities is obtained from a regression model including the facilities as a factor, and differs from the simple ratio of the SMRs. (Table 4) . Overall, we observed no excess mortality for tumor sites as a whole in areas around nuclear power plants in Spain ( Table 1 ). The highest relative risk was registered for connective tissue tumors (RR 1.90 95%; CI, 0.91-3.99), with 13 cases reported in the Almaraz and Zorita areas.
In the near-versus-far analysis of all fuel cycle facilities as a whole (Table 2) , we detected statistically significant excess mortality for lung, bone, ovarian, renal, and colorectal cancer.
Examination of the results by facility showed excess cancer mortality of almost 9% in the area surrounding the Andújar plant. This excess was attributable to higherthan-expected lung, ovarian, and colorectal cancer mortality.
The El Cabril area registered a statistically significant excess breast cancer mortality among women (RR 1.48; 95% CI, The most noteworthy finding in the Ciudad Rodrigo area was the higher risk of death from lung cancer observed for all towns nearest (0-15 km) the installation (RR 1.54; 95% CI, 1.04-2.30).
The cancer mortality (for all tumor sites as a whole) for fuel cycle facilities, in great measure reflecting excess lung cancer among men. Analysis of mortality in relation to distance from any given installation yielded results that differed widely according to the radius of application of the statistical test used. Two different tests are included in Table 3 : The first ascertains the statistical significance of the slope of relative risk solely in the exposed area, whereas the second addresses the entire study area. In Garoña, stomach cancer plotted a statistically significant gradient with both tests. Similarly, for bone cancer, there appears to be a risk gradient proportional to the proximity to Vandellós. For renal cancer in Garoña and Vandellós, the highest risks corresponded to the area closest to the installation, thus accounting for the statistical significance of the test for the exposed area in Vandellós and for the joint analysis of all four nuclear power plants ( Table 3) .
The different limitations of these two statistical tests can be observed better in Table  3 , in which analysis of all fuel cycle facilities is displayed jointly. The statistical significance of the test covering the entire study area is in sharp contrast to the RR estimators for the different distances, in that these show no gradient with proximity to the installation. None of the statistical tests covering the entire study area were confirmed when applied to the 30-km radius. The El Cabril risk estimators for renal cancer were determined by the low number of cases in towns lying nearest the plant and the stringent stratification applied in the analysis. The greatest number of cases (22 of 31) occurred in the most distant towns (> 26 km), so that Articles • López-Abente et al.
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VOLUME 109 | NUMBER 7 | July 2001 • Environmental Health Perspectives Obs, observed deaths. a SMR is the ratio of the number of deaths observed and expected at concurrent death rates in Spain. b RR compares SMRs after versus before start-up in the exposed areas; p-value corresponds to the statistical significance of this RR. c Statistical significance for time trend differences between exposed and unexposed areas. d Years included. e No cases in the reference area.
estimates in the nearest sectors were made on the basis of 2, 4, and 3 deaths respectively and thus exhibit a very low degree of accuracy. Analysis of nuclear power plants before and after start-up in Garoña showed an increase in stomach cancer after the plant began operating, though this increase was just on the limit of statistical significance (Table 4 ). In Vandellós, we observed a rise in breast cancer mortality in women after the plant's commissioning, and in Almaraz an increase of connective tissue cancer mortality. Regarding uranium cycle facilities, no statistically significant changes could be demonstrated for any of the tumors studied, except for thyroid cancer in the vicinity of La Haba.
In evaluating time trends, it is advisable to highlight the different results obtained by the two analyses proposed. Thus, lung cancer mortality showed a greater increase in the exposed areas of Garoña, Vandellós, and Zorita, compared with the national trend, and the same was true for renal cancer in La Haba. However, it would be risky to attribute these increases to the effect of the nuclear facilities, since the corresponding unexposed areas presented a similar pattern, as is suggested by the p-value in the last column of Table 4 .
Discussion
Overall, the results of the study indicate a cancer mortality pattern in areas adjacent to uranium cycle facilities that is basically characterized by excess deaths due to renal and lung cancer [and leukemias (11) ]. These results may well be evincing the influence exerted on public health by the environmental impact of mining activities and the effects of natural radiation.
In this exploratory study, we have sought to estimate risk of death for 11 different tumor sites in the vicinity of 8 installations. For many of these, we analyzed different areas and time periods, thereby allowing for numerous comparisons. The results must therefore be interpreted with caution, because some of the statistically significant mortality excesses or deficits found may be attributable to chance.
The validity of death-certificate diagnoses for investigating cancer is generally accepted (2, 3, 18, 19) . Except for Tarragona, none of the provinces studied are equipped with population-based cancer registries that would otherwise enable cancer incidence to be studied in these areas. In the calculation of person-years, interpolation and extrapolation techniques had to be employed. We applied these techniques in the same way to all provinces and towns included in the various studies. Hence, any possible deviations inherent in the estimates, will be equally present in all areas compared.
Specific methodologic problems are posed by investigation into relatively rare diseases in areas adjacent to sources of contamination. The importance of ascertaining disease-frequency and -distribution in other areas similar in size to those being studied has been stressed (20), which we followed in our design. In general, the areas compared in this study were rural. We matched reference towns to exposed towns by sociodemographic variables; the towns would thus indirectly maintain their comparability in diagnostic accuracy and accessibility to the health care system. Sociodemographic information for the entire study period was not available. However, bearing in mind the universal character of the Spanish National Health System, there would be no reason to suspect differential access to health care and diagnosis between exposed and reference areas.
In theoretical terms, comparison of SMRs is open to criticism in that, internally, the SMRs use different standard populations. Nevertheless, analysis based on comparison of mortality rates (rate ratios) via models that use person-years as offset and include age yielded equivalent results.
The study of the distance variable seeks to associate mortality with the nuclear installation as the putative source of contamination. Distance to the installation tends to be used as a surrogate variable for exposure in cases where dosimetric information or the radiologic history of an installation's environs is not forthcoming (21, 22) . Indeed in this respect the study is ecologic, in that individual levels of exposure are unknown and the inhabitants of any given town are thus implicitly assumed to have received similar exposures. There will inevitably be persons who have resided for part of their lives in exposed towns and then moved to nonexposed areas, and vice versa, which would produce nondifferential misclassification errors. Moreover, information is lacking on other risk factors associated with these tumors, such as smoking or exposure to chemical agents, although we sought to control for these partly by the town matching incorporated into the overall design.
In the Garoña area an unexpected, higher risk of stomach cancer was detected in both sexes, apparently linked to proximity to the nuclear power plant. Moreover, there was a parallel deficit in lung cancer mortality in this same area. This coincidence is reminiscent of the documented cancer mortality pattern in farmers (23) and could be interpreted as a design failure (matching by proportion of farmers) to control for this component. Yet it is strange that this should occur solely in the Garoña area and not in the surroundings of other installations. This, coupled with the fact that Garoña is situated in Burgos province-a province with the highest stomach cancer mortality in Spainimpels us to recommend an in-depth study.
It would also be advisable to analyze bone and renal cancer incidence in the vicinity of Vandellós, because associated mortality proved higher than expected in towns lying nearest the plant, although admittedly this observation was based on very few cases.
The Zorita and Almaraz areas display an excess of cases of connective tissue cancer. Taking Spain as reference, the respective SMRs are 1.48 (95% CI, 0.55-3.23) for Zorita and 5.22 (95% CI, 2.09-10.75) for Almaraz. Nonetheless, the location of these cases (mostly residents of towns situated on the limits of the study area) and the fact that cases had already been reported in this sector before start-up (Table 4) , leads us to think that the causes probably lie outside the Almaraz plant, although this result, too, would appear to call for closer study.
In the literature, it is difficult to find studies that have evaluated and published nonhematologic tumor incidence and/or mortality for areas neighboring NPP, and more difficult still for areas neighboring NFF. The standard practice is to group these under the heading of "other tumors" or "solid tumors," and the findings published for this umbrella group are generally negative. Consequently, the information to which we could turn to compare our results was very limited.
We should like to stress the differences in our results between the mortality patterns around NPP and those around NFF. In the vicinity of NFF, we detected an excess risk of cancer-related death of 5.6%. This excess is, in great part, determined by lung cancer mortality, which we observed exclusively in men (RR 1.14; 95% CI, 1.03-1.27) and has been detected in the Andújar and Ciudad Rodrigo areas. In the previous study, we reported a higher risk of leukemias in these same areas (11) . To challenge the feasibility that tobacco use has any influence on this result-and given that smoking frequencies could not be included in the analysis-one could point to the fact that there was no parallel rise in bladder cancer mortality, a tumor likewise associated with cigarette smoking.
NFF are located in areas with uranium deposits, areas where mining operations are carried out and nuclear fuel is manufactured. A cytogenetic analysis showed a greater frequency of chromosomal aberrations and an abnormal DNA-repair response for a population residing near mines/uranium processing plants versus an unexposed population, though this was based on a small study (24, 25) .
Underlying the findings for areas near NFF are two phenomena: One concerns the lung-cancer-related deaths observed in men, which could be occupational in origin; this problem has been well documented (26) thanks to cohort studies covering miners in the uranium industry (27) and (underground)
miners in general (28) . The other phenomenon stems from environmental exposure to radon produced by the degradation of uranium-238 present in the soil of granite areas, and to natural radiation (an aspect that could not be controlled for in this study) and radioactive waste; and from the consequences of mining activities on the population (24) . Arguably, each installation might have its own peculiarities, thus highlighting the limits on the ability of any generic radiobiologicimpact assessment to reflect the conditions of all uranium facilities (10) .
In refining the ore to produce uranium concentrates, a great volume of hazardous waste is generated, known as tailings. These tailings are often dumped outdoors. Such waste contains most of the radionuclides that are produced by uranium degradation and continue to be radioactive for hundreds of years, plus variable quantities of other toxic substances, which are either present in the mineral (e.g., heavy metals) or used in extraction. Radionuclides and chemical toxics can be dispersed more easily from such dumps than they could from their original state in the ore, as a result of hydrologic and atmospheric processes (29) , containment-dam disasters, and the possibility of improper use in the preparation of construction materials. Danger of contamination from tailings is heightened when dumps are abandoned following mine closure. To our knowledge, there is not one single site anywhere in the world in which a uranium mine has been satisfactorily cleaned.
Residential exposure to radon is an important cause of lung cancer in the general population (7, 26) . The interaction between radon exposure and smoking with regard to lung cancer exceeded additivity and approaches a multiplicative effect (30) .
Similarly noteworthy is the higher risk of death due to renal cancer, a tumor that registers point effect indicators exceeding 1 for all NFF studied. Excess risk is higher in women (RR 1.81; 95% CI, 1.21-2.73) than in men (RR 1.16; 95% CI, 0.84-1.59). Although these results are difficult to interpret in environmental terms, renal toxicity is known to be the most adverse side effect of exposure to uranium (31) . Dosimetric studies of radon exposure have shown that the kidney receives the second highest doses after the lung (7), and animal studies have shown that radon exposure can cause renal cancer (32) . Furthermore, some results indicate that residence in the proximity of mill tailings raises the frequency of chromosomal aberrations and DNA-repair deficiencies (29) .
In addition to lung cancer, exposure to radon has been associated with other types of tumors (33) (34) (35) , though there are studies that conclude the contrary (7). International incidence of myeloid leukemia, renal cancer, and certain childhood cancers shows a significant correlation with radon exposure in the home (33) . In one case-control study undertaken in Italy to evaluate the effect of radon levels, odds ratios of 2-3 were found for renal cancer, in tandem with a statistically significant dose-response relationship (34) . The existence of a high risk for this tumor has also been reported for employees of the atomic weapons establishment (35) .
Given the nature of our study, any comments that we might advance to explain these findings would, in part, be speculative. Nevertheless, we believe that besides the effects of natural radiation, the results for NFF could well be evincing the influence exerted on public health by the environmental impact of uranium mining. It is therefore essential that mechanisms be established to monitor the incidence of cancer in provinces in which these two types of facilities are found. We likewise recommend that besides nuclear power plants as such, all radiologic and environmental monitoring devices and systems deployed in areas adjacent to installations should also cover uranium cycle facilities and mill tailings, and that the ensuing measurements be made public. Design of any future studies will require dosimetric measurements for areas surrounding such facilities, efforts to reconstruct history of exposure, and an attempt to study the problem from a multidisciplinary point of view, using biologic exposure markers.
